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ABSTRACT 
The whole-ship motions of the CCGS TERRY FOX were 
measured for more than 150 controlled impacts with small 
pieces of glacial ice, or bergy bits.  The impacts were 
conducted at speeds up to 14 kt.  This paper uses global ship 
accelerations measured during three different impact events to 
demonstrate proof of concept for an inertial measurement 
system called MOTAN.   
 
INTRODUCTION 
An inertial measurement system called MOTAN was used 
to measure the whole-ship motions of the CCGS TERRY FOX 
during the Bergy Bit Trials.  The Trials were conducted from 
18 to 23 June 2001 off the Northern Arm of Newfoundland 
(55.78°W, 51.00°N).  The whole-ship motions, including global 
accelerations, were measured for more than 150 controlled 
impacts with glacial ice.  The mass of the bergy bits ranged 
from small to massive (50 to 22,000 tonnes).  Gagnon et al. 
(2002) provide a complete discussion of the Bergy Bit Trials.   
The rationale behind measuring the whole-ship motions of 
the FOX was to use them to calculate global loads, which could 
then be compared to two other load measurement systems also 
installed on the FOX (Gagnon et al., 2002).  Since the Bergy 
Bit Trials were sponsored by the Program of Energy Research 
and Development (PERD) and industry participants, results 
from the Trials are subject to a confidentiality period of two  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Uyears from the date of completion of the project.  For the 
purpose of this paper, permission was granted to publish 
accelerations for a select number of events.  This paper uses 
three events to demonstrate application of the MOTAN system, 
while providing data on global ship accelerations caused by 




The MOTAN system was developed at the Canadian 
Hydraulics Centre (CHC).  It is a two-part package that consists 
of a physical sensor and two computer programs, as shown in 
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Figure 1  Schematic of MOTAN system 
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DownloInitially, the MOTAN system was used to measure motions 
of model scale ships in a laboratory environment.  The 
successful use of the system at model scale led to its first full-
scale deployment on the USCGC HEALY during her maiden 
voyage in ice in April 2000.  Results from the HEALY Trials 
demonstrated the feasibility of using the MOTAN system to 
measure whole-ship motions at full-scale (Johnston et al., 
2000).  The MOTAN measurements of roll and pitch agreed 
favorably with measurements from two other independently 
operated systems on the HEALY.  Since then, the MOTAN has 
been used on the CCGS LOUIS S. ST-LAURENT (Johnston et 
al., 2001) the CCGS TERRY FOX (this paper) and the CCGS 
HENRY LARSEN (yet to be published).   
 
MOTAN sensor 
The MOTAN sensor (260 mm x 160 mm x 100 mm) 
weighs 1.88 kg and has three accelerometers and three angular 
rate sensors, arranged in an orthogonal array.  The 
accelerometers measure the total acceleration (including the 
earth’s gravity components) along the X, Y and Z body axes of 
the ship.  The rate sensors measure the three-dimensional 
angular rotational rate of the ship, resolved along the 
instantaneous positions of the X, Y and Z body axes.   
 
During the Bergy Bit Trials, two MOTAN sensors were 
installed on the FOX.  Figure 2 shows the location of the two 
sensors, both of which were installed in a convenient, out-of-
the-way location.  The first unit was installed in the ship’s bow 
(MOTAN1).  It was 26.0 m forward of the ship’s longitudinal 
centre of gravity (LCG) and 0.6 m below the ship’s vertical 
centre of gravity (VCG).  The second unit was installed closer 
to the centre of gravity (MOTAN2).  It was 10.3 m forward of 
the LCG and 1.5 m below the VCG.  MOTAN2 was used for 
the more attenuated ship motions near the centre of gravity 
because it had more sensitive accelerometers than MOTAN1, 
which was used in the bow.  Results from both sensors were 
used to validate the MOTAN processing software, which 
allows for the whole-ship motions to be determined at any point 
on the vessel.   
 
The MOTAN sensor near the centre of gravity was 
mounted at the junction of two suspended I-beams.  The unit in 
the bow was bolted to two angle irons that were welded onto a 
supported area of the deck.  Once the sensors had been 
connected to their signal conditioning units and the 16-bit data 
acquisition system, they were adjusted to reflect the ship’s 
inclination at rest.  The signal from MOTAN1 (bow unit) was 
amplified using a gain of 5.  Signal amplification was not 
needed for MOTAN2, since it was more sensitive.  Since 
whole-ship motions typically occur at frequencies less than 5 
Hz, both MOTAN sensors used a low pass hardware filter that 
effectively eliminated frequencies above 5 Hz.   
 
Baseline measurements of the MOTAN sensors were taken 
each morning during the Trials.  Prior to impact, a remote 
trigger was used to activate both units from the bridge 
simultaneously.  Data were recorded at a sampling frequency of 
50 Hz for about one minute before, during and after the impact.    






MOTAN 1 - BOW UNIT
BELOW MAIN DECK 












Motan 1: 26.0 m fwd of LCG
                0.6 m below VCG
                 on centreline
Motan 2: 10.3 m fwd of LCG
                 1.5 m below VCG






     Displacement - 6733 tonnes
     Length overall - 88 m
     Breadth - 17.8 m









The MOTAN system has two associated software 
programs.  One of the programs is used to calculate the whole-
ship motions in six degrees of freedom (MOTAN7) and the 
other program uses those motions to estimate global ship loads 
(EFM).   
 
The program MOTAN7 uses appropriate equations of 
motion (Newman, 1977) to convert measured accelerations and 
angular rotational rates into whole-ship motions in six degrees 
of freedom.  The whole-ship motions are quantified using 18 
files, which include displacement, velocity and acceleration for 
the surge, sway, heave, roll, pitch and yaw motions of the ship 
(Figure 1).  The software can be used to calculate whole-ship 
motions at any point, regardless of where the MOTAN sensor is 
physically located, provided the positional coordinates of the 
sensor are known and the ship can be reasonably assumed a 
rigid body.   
 
Appropriate coefficients were used to convert the three 
acceleration signals from each sensor from volts to m/s² and the 
rotational rates from volts to deg/s.  Once converted, the raw 
data signals were input into the MOTAN7 software.  
Processing requires lower and upper bounds be placed on the 
frequency content of the signal.  Previous installations of the 
MOTAN have shown that a lower bound of 0.2 Hz and an 
upper bound of 2.0 Hz fully capture the whole-ship motions.  
The raw acceleration signals contained frequencies around    
4 Hz, however Chen et al. (1990) state that frequencies above 
2.0 Hz most likely result from secondary ship vibrations, which 
are quite separate from global ship accelerations.   
 
The second MOTAN software package (EFM) uses the 
whole-ship motions to calculate a global load.  The EFM 
software, which stands for estimated forces and moments, 2 Copyright © 2004 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downlocalculates three external global exciting forces and three 
moments at the ship’s origin.  That output is used to determine 
the corresponding force at the point of impact.  Since global 
ship accelerations are the focus of this paper, the EFM software 
will not be discussed further.  Instead, global loads will be the 
focus of a future paper once the confidentiality agreement has 
expired.  
 
OBLIQUE IMPACT - EVENT E23_B17_164 
Event E23_B17_164 was an oblique impact that occurred 
when the ship impacted Bergy Bit 17 (9000 tonnes, Figure 3) at 
a speed of 6.3 kt.  Bergy Bit 17 had a smooth, rounded surface 
that sloped down to the waterline, creating a prominent 
underwater ledge.  Observations from the bridge indicated that, 
during the event, the ship made excellent contact with the bergy 
bit.  The impact was noted to cause deep reverberations 
throughout the ship, classifying it as one of the hardest hits of 




Figure 3.  Bergy Bit 17 (mass, 9000 tonnes) 
 
 
Comparison of Raw and Processed Data 
The raw and processed data from both MOTAN units were 
examined for Event E23_B17_164.  Raw data from the 
accelerometers are defined by the axis along which they act 
(measured X, Y and Z accelerations), whereas data processed 
using the MOTAN7 software are designated as sway, surge and 
heave accelerations (whole-ship motions).  Figure 4 shows a 
comparison of raw and processed accelerations for the bow unit 
only (MOTAN1).  Figure 5 shows the same comparison for the 
unit near the centre of gravity (MOTAN2).  It should be noted 
that although the MOTAN software allows the user to 
extrapolate the data to any point of the vessel, Figures 4 and 5 
show data that were processed at the sensors themselves (26.0 
m and 10.3 m from the LCG respectively for MOTAN1 and 
MOTAN2). 
 
Each of the time series traces in Figures 4 and 5 show that 
Event E23_B17_164 resulted in two well-defined peaks.  The 
first peak occurred at 65 seconds and was followed by a second 
peak 3 seconds later.  Many of the events logged during the 
Bergy Bit Trials showed similar “double hits”.  The reason for 
separate peaks is not entirely clear.  The first peak occurred 
when the ship initially impacted the bergy bit.  The second peak 
occurred after the initial impact, as the ship continued forward 
and the hull contacted the ice a second time.    
 
 














































Figure 4 MOTAN1 accelerations for Event E23_B17_164 (a) 













































Figure 5 MOTAN2 accelerations for Event E23_B17_164 (a) 
surge (b) sway and (c) heave  
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DownloData from both MOTAN units show good agreement 
between the raw accelerations (along the X, Y and Z axes) and 
processed accelerations (in sway, surge and heave).  Pitch, roll 
and yaw accelerations were not included in the figures because 
those accelerations were not measured directly by the MOTAN 
sensors.  Rather, rotational accelerations were determined using 
the software MOTAN7, which differentiated the rotational rate 
signals measured by each MOTAN unit.   
 
The primary difference between the raw and processed 
data in Figures 4 and 5 is that the raw data show impact-
induced vibrations of the order of 4 to 6 Hz.  The comparison 
also shows small differences in the magnitude of the raw and 
processed accelerations.  Differences in both the magnitude and 
frequency content can be attributed to two factors.  First, data 
processing with the software MOTAN7 removes gravitational 
effects and second, frequencies higher than 2.0 Hz are not taken 
into account in computing the whole-ship motions.   
 
Comparison of Processed Data from Two MOTAN Sensors 
Figure 6 shows the processed translational accelerations 
(surge, sway and heave in m/s²) for both MOTAN sensors.  
Since the surge acceleration is independent of location on the 
ship, it is the same for the sensor at the bow and near the centre 
of gravity (Figure 6-a).  The sway and heave accelerations have 
a positional dependence, which is shown by those accelerations 
























































Figure 6.  Event E23_B17_164:  translational accelerations 
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accelerations (roll, pitch and yaw) for the two sensors.  Unlike 
the more direct measurements of translational accelerations 
(m/s²), the rotational accelerations (deg/s²) were determined by 
differentiating the raw signal (deg/s) from the three rate sensors 
in each MOTAN unit.  Because the rotational accelerations 
(pitch, heave and yaw) do not have a positional dependence; 
they should be the same everywhere on the ship.   
 
There was good agreement between the roll acceleration at 
the bow and near the centre of gravity (Figure 7-a), however 
there were discrepancies between the pitch and yaw 
accelerations for the two different locations.  Analysis showed 
that because the raw and processed rate signals (deg/s) were the 
same for both sensors in roll, pitch and yaw, discrepancies in 
the rotational accelerations resulted from the differentiation 























































Figure 7.  Event E23_B17_164:  rotational accelerations from 
MOTAN1 (bow) and MOTAN2 (CG).   
 
 
Table 1 lists the peak accelerations for the first and second 
hits of Event E23_B17_164.  All values are given at the exact 
location of the sensor in the bow and the sensor near the centre 
of gravity.  Bold values in darkened cells are used to highlight 
accelerations that were the same for both sensors.   
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DoTable 1 Processed Global Accelerations for Oblique 
Event E23_B17_164 
 
 Acceleration  Bow sensor CG sensor 
Hit 1    Surge (m/s²) 0.15 0.14 
    Sway (m/s²) 0.57 0.32 
    Heave (m/s²) 0.83 0.52 
    Roll (deg/s²) 2.36 2.37 
    Pitch (deg/s²) 0.89 1.23 
    Yaw (deg/s²) 0.70 0.83 
Hit 2    Surge (m/s²) 0.09 0.09 
    Sway (m/s²) 0.54 0.32 
    Heave (m/s²) 0.58 0.39 
    Roll (deg/s²) 2.15 2.16 
    Pitch (deg/s²) 0.41 0.83 
    Yaw (deg/s²) 0.44 0.83 
 
Hit 1 
Data from the first impact confirmed that sway and heave 
accelerations are higher in the bow than near the centre of 
gravity.  The peak sway acceleration at the bow was 0.57 m/s² 
in the bow yet only 0.32 m/s² near the centre of gravity.  
Similarly, maximum heave acceleration for the first hit was 
0.83 m/s² compared to 0.52 m/s².  Table 1 shows that, as 
expected, surge and roll accelerations were nearly the same for 
both sensors.  The pitch and yaw accelerations showed an 
anomaly however - they were higher at the centre of gravity 
than in the bow.   
 
Hit 2 
The second impact also had higher sway and heave 
accelerations in the bow than near the centre of gravity.  In 
comparison, the surge and roll accelerations were virtually the 
same at the two sensors (0.15 m/s² and 2.15 deg/s² 
respectively).  Again, the pitch and yaw accelerations measured 
by the two sensors were considerably different.  In fact, the 
bow sensor captured only about 50% of the pitch and yaw 
accelerations that were measured near the centre of gravity.  
Note that the amplitude of pitch and yaw accelerations 
measured during the first and second hits by MOTAN2 (near 
the centre of gravity) was comparable.   
 
 
Comparison of Measured and Transformed Data 
The MOTAN software allows data acquired at one location 
to be used to calculate whole-ship motions at any point on the 
vessel.  To illustrate that feature, data for Event E23_B17_164 
from MOTAN2 (near the centre of gravity) were transformed to 
the location of MOTAN1 (in the bow).  The transformed data 
were then compared to the actual measurements from 
MOTAN1.  Please refer to Figure 2 for the location of the two 
sensors.   
 
Figure 8 shows data measured by the bow unit and 
processed at that sensor’s location (MOTAN 1) and 
measurements from the sensor near the centre of gravity 
(MOTAN2) but transformed to the location of the bow sensor.  
Data from the MOTAN1 unit are referred to as “bow” and 
transformed data from MOTAN2 are entitled “CG to bow”.   
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UseComparison shows that the data are virtually identical.  A 
similar comparison was done by transforming measurements 
from MOTAN1 to the location of MOTAN2.  Again, there was 
excellent agreement between the two data sets.  The only 
difference between the two transformations was that the surge, 
sway and heave accelerations were smaller near the centre of 
gravity than in the bow.  Future discussion will focus upon the 
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Figure 8.  Event E23_B17_164:  measurements from MOTAN1 





SYMMETRICAL IMPACT - EVENT E21_B14_071h 
The previous example showed the global accelerations that 
can result when a ship obliquely impacts a 9000 tonne bergy bit 
at 6.3 kt.  The global accelerations associated with a 
symmetrical impact will now be examined.  Event 
E21_B14_071h occurred when the ship impacted Bergy Bit 14 
(1900 tonnes) at a speed of 5.8 kt.  Because the ship entered the 
notch created in the ice during previous symmetrical runs, 
excellent contact was made between the ship and the bergy bit.  
Figure 9 shows two of the notched areas that were created in 
the ice when Bergy Bit 14 was rammed symmetrically.   
 




Figure 9.  Bergy Bit 14 (mass, 1900 tonnes) 
 
During Event E21_B14_071h, the ship rode up onto the 
berg.  Observations from the bridge indicated that the ship 
experienced significant heave and pitch. Those observations 
were later confirmed by accelerations measured by the 
MOTAN.  Figure 10 shows raw and processed data from the 
MOTAN sensor in the bow, which shows that the initial impact 
(at 268 seconds) caused well-defined changes in the heave, 
surge and sway accelerations.   
 
Table 2 lists the peak accelerations measured by each of 
the MOTAN units.  Because the event resulted from a 
symmetrical impact, the sway accelerations were only 0.14 and 
0.07 m/s² respectively in the bow and near the centre of gravity.  
As expected, the heave and pitch accelerations were significant 
for the symmetrical impact.  Heave accelerations of 2.09 and 
1.38 m/s² were measured at the bow and near the centre of 
gravity, respectively.  The surge and roll accelerations were the 
same for both sensors (0.31 m/s² and 0.77 deg/s², respectively).  
The pitch acceleration should have been the same for both 
sensors, however it was 1.94 deg/s² at the bow unit and       
2.94 deg/s² near the centre of gravity.  Similar discrepancies 
were present in the yaw accelerations  
 
Table 2 Processed Global Accelerations for Symmetrical  
Event E21_B14_071h 
 
Acceleration  Bow sensor CG sensor 
Surge (m/s²) 0.32 0.31 
Sway (m/s²) 0.14 0.07 
Heave (m/s²) 2.09 1.38 
Roll (deg/s²) 0.77 0.77 
Pitch (deg/s²) 1.94 2.94 













































Figure 10.  Accelerations at MOTAN1 for E21_B14_071h 
 
SIDLE-UP EVENT - E19_B05_025 
Event E19_B05_025 was the third event selected for 
inclusion in this paper.  That event occurred as the ship sidled-
up alongside Berg 05, the most massive of all the impacted 
bergs (22,000 tonnes).  During that event, the ship slowly 
approached the berg by moving sideways at a speed of about 
0.5 kt, and nudged it with the port side of the hull.  Figure 11 
shows Berg 05 after one of the impacts.  The figure reveals the 
significant ice ledge that protruded from the berg under the 
waterline.  The ice debris in the picture resulted from the ship 




Figure 11.  Bergy Bit 05 (mass, 22000 tonnes) 6 Copyright © 2004 by ASME 
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Downlo 
Figure 12 shows the raw and processed accelerations for 
Event E19_B05_025.  The initial impact occurred at 56 seconds 
and was characterized by increased sway, surge and heave 
accelerations.  Table 3 lists the peak accelerations for both 
MOTAN sensors.  In the bow, the event resulted in a 0.10 m/s² 
surge acceleration, a sway acceleration of 0.39 m/s² and a heave 
acceleration of 0.58 m/s².  The MOTAN sensor near the centre 
of gravity showed that the highest rotational accelerations were 
in roll and pitch (0.74 and 0.77 deg/s²), and lesser in yaw (0.62 

















































Table 3 Processed Global Accelerations for Sidled-up  
Event E19_B05_025 
 
Acceleration  Bow sensor CG sensor 
Surge (m/s²) 0.10 0.10 
Sway (m/s²) 0.39 0.23 
Heave (m/s²) 0.58 0.39 
Roll (deg/s²) 0.86 0.74 
Pitch (deg/s²) 0.63 0.77 
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This paper examined three types of impact events.  The 
first classified as an oblique impact, the second as a 
symmetrical impact and the third occurred when the ship sidled 
up next to a massive berg.  Table 4 summarizes results for the 
three examined events.  Measurements from only the first hit of 
the oblique impact are included in the table.   
The table combines what are believed to be the most 
credible measurements from each MOTAN sensor.  For 
instance, the heave, sway and surge accelerations were taken 
from the bow sensor (where, as expected, they were higher).  
The rotational accelerations were obtained from the sensor near 
the centre of gravity, although they should have been the same 
for both sensors.  Analysis showed that discrepancies in the 
rotational accelerations in pitch and yaw resulted from 
differentiation of the raw rate signal.   
Despite the fact that the oblique impact was conducted at a 
higher speed and involved a larger bergy bit, the symmetrical 
event caused the highest surge acceleration (0.32 m/s²).  During 
that event, the ship impacted the bergy bit, rode up onto it and 
then slid off in reverse.  Not surprisingly, the symmetrical event 
also caused the highest heave and pitch accelerations (2.09 m/s² 
and 2.94 deg/s²) in the bow.  The sway and yaw accelerations 
(0.14 m/s² and 0.38 deg/s²) were lower for the symmetrical 
impact than for the other two events.  
 
Table 4 Global Accelerations at the Location of MOTAN1 
for the Three Events 
 
 Type of Impact (ship speed/berg mass) 









Surge (m/s²) 0.15 0.32 0.10 
Sway (m/s²) 0.57 0.14 0.39 
Heave (m/s²) 0.83 2.09 0.58 
Roll (deg/s²) 2.37 0.77 0.74 
Pitch (deg/s²) 1.23 2.94 0.77 
Yaw (deg/s²) 0.83 0.38 0.62 
 
The oblique impact resulted in an overall reduction of ship 
speed however, unlike the symmetrical impact, the ship was 
able to continue past the bergy bit into open water after the 
impact.  The continued trajectory of the ship resulted in a lower 
surge acceleration.  The oblique event had a higher sway 
acceleration (0.57 m/s²) and roll acceleration (2.37 deg/s²) than 
the two other events, and it also caused the highest yaw 
acceleration (0.83 deg/s²).   
Because of the cautious nature of the interaction during the 
sidle-up event with Bergy Bit 04, that impact resulted in the 
lowest accelerations (except the sway and yaw accelerations, 
which were lower for the symmetrical event).   
 
 




This paper demonstrated the feasibility of using the 
MOTAN system to measure global ship accelerations.  Data 
from three impact events logged during the Bergy Bit Trials 
were examined.  Two independently operated MOTAN systems 
were used to characterize the ship response for the three 
different impact scenarios.  Analysis showed favorable 
agreement between the raw accelerations and processed data 
from the MOTAN7 software.  Compared to the raw data, 
processing removed frequency content above 2.0 Hz and 
eliminated gravitational effects.  The success of using the 
MOTAN7 software to transform data from one sensor to 
another location was also shown.   
Three impact scenarios were examined - an oblique 
impact, a symmetrical impact and an event in which the FOX 
sidled up next to a massive berg.  Results from both MOTAN 
sensors showed the unique response of the ship for each impact 
scenario.  As expected, all three events demonstrated the 
positional dependence of sway and heave accelerations - those 
accelerations were higher in the bow than near the centre of 
gravity.  The events also illustrated that surge acceleration was 
independent of position.  Theoretically, the rotational 
accelerations should also be independent of position.  There 
was good agreement between the two sensors for roll 
acceleration, however there were discrepancies concerning the 
pitch and yaw acceleration components.  Those differences 
were a result of the processing technique used by the software 
MOTAN7.  Modifications to the software are currently being 
made, with the objective of improving correlation between the 
rotational accelerations measured by the different sensors.   
The oblique impact resulted in the highest accelerations in 
sway, roll and yaw (0.57 m/s², 2.37 deg/s² and 0.83 deg/s²), 
whereas the symmetrical impact produced the highest 
accelerations in surge, heave and pitch (0.32 m/s², 2.09 m/s² 
and 2.94 deg/s²).  Accelerations during the sidle-up event were 
higher in sway and yaw than the symmetrical event, but were 
the smallest of the three events in the other degrees of freedom.   
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